Introduction {#s1}
============

Respiratory syncytial virus (RSV) is an important respiratory pathogen that produces an annual worldwide epidemic of respiratory illnesses primarily occurring in infants, but also in adults [@pone.0027113-Simoes1]. However, the impact of RSV in the clinic reaches beyond infections, as it has been suggested that infection with RSV may cause a predisposition to the development of asthma [@pone.0027113-Webb1]. This conclusion stems from the fact that 40%--50% of patients hospitalized with RSV infections subsequently have persistent wheezing [@pone.0027113-Hall1], [@pone.0027113-Hall2], and RSV infections have been shown to exacerbate asthma in both children and adults [@pone.0027113-Busse1], [@pone.0027113-Gern1]. In our previous studies, airway hyperactivity and related pathologic changes have been reported in RSV-infected animals [@pone.0027113-Hu1]; however, the mechanisms underlying RSV-induced asthma are incompletely understood.

The mechanisms underlying asthma which are considered important are classically characterized by immune activation and immune imbalance [@pone.0027113-Kawano1]. When exogenous antigen is encountered, antigen presenting cells (APCs) induce T lymphocytes to proliferate and differentiate with the prominent expression of cytokines, which are mainly released by Th cells. In response to antigen stimulation, naive CD4^+^T cells differentiate into different subsets of Th cells that are classified based on distinct cytokine profiles and immune regulatory functions [@pone.0027113-Mosmann1], [@pone.0027113-Paul1]. Th1 cells produce IL-2 and IFN-γ, and play an important role in cell-mediated immune responses against intracellular pathogens. Th2 cells produce IL-4, IL-5, and IL-10, and Th17 cells produce IL-17. Th2 and Th17 subsets are both involved in humoral immunity and allergic responses, such as asthma [@pone.0027113-Nakajima1]. Another Th subset, regulatory T (Treg) cells, which are characterized by the *Foxp3* gene, suppress the immune system to prevent overactive responses and inflammation [@pone.0027113-Ziegler1], [@pone.0027113-Kim1].

In recent years, it was well-accepted that bronchial epithelial cells form not only a physical barrier to the external environment, but also contribute to the earliest anti-viral immune responses against foreign antigens. Epithelial cells play an important role in immunologic derangement of the respiratory system. The immune response of epithelia to infection and antigen exposure involves presenting antigens to lymphocytes and releasing chemokines and cytokines into the submucosa, which initiates a local inflammatory reaction [@pone.0027113-Yoon1]. Airway epithelial cells are closely related to asthma, and damage of airway epithelial structure and function may result in susceptibility to asthma, which could be a priming process in asthma [@pone.0027113-Holgate1]. Respiratory epithelial cells are the first and primary target of RSV [@pone.0027113-Hacking1]. Therefore, we hypothesize that bronchial epithelial cells, which are infected with RSV, have an important regulatory effect on immune activation by presenting antigen signals and releasing inflammatory factors. The aim of this study was to determine the level of immune activation and imbalance of lymphocytes *in vitro* when stimulated by RSV-infected human bronchial epithelial cells (HBECs).

Materials and Methods {#s2}
=====================

Cell culture {#s2a}
------------

The HBEC line was a gift from the Physiology Department of Central South University (Changsha, Hunan, China) and maintained in complete medium (DMEM containing 10% FBS, 2 mM glutamine, 4500 mg/L of D-glucose, streptomycin \[100 U/ml\], and penicillin \[100 U/ml\]). The cells were incubated at 37°C and 5% CO~2~, and used in experiments during the 62^nd^--73^rd^ passages.

Preparation of RSV {#s2b}
------------------

RSV (Long strain/A2 type) was obtained from Guangzhou Medical College (Guangzhou, Guangdong, China) and propagated in a human cervical cancer cell line (Hela cells). Hela cells were purchased from Cell Center of Central South University and cultured in complete medium. Confluent monolayers of Hela cells were infected with RSV for 3 h. The monolayers were washed, overlaid with maintenance media (DMEM containing 2% FBS), and incubated at 37°C in 5% CO~2~ until the cytopathic effects reached 80%. Thereafter, the cells were repeatedly frozen and thawed to facilitate rupture. Next, the supernatants were harvested and cellular debris was removed by centrifugation (200 g for 10 min). The RSV viral suspension was stored at −80°C.

RSV infection {#s2c}
-------------

Confluent monolayer cultures of HBECs were infected with RSV at a multiplicity of infection (MOI) of 0.0001 pfu/cell. For comparison, the dose of RSV to induce an acute cytopathic effect in 50% of the cells (TCID50) is 1.4×10^6^ pfu/mL. A 1-mL viral suspension was added to the cells for 3 h, then removed by a gentle wash with culture medium, followed by addition of maintenance media. The infected cells were then incubated for growth and passage continuously. Thus, we designated the passages of cells as "HBECs with prolonged RSV infection". Non-infected HBECs were used as a control.

Non-infected HBECs and the RSV prolonged infection model were plated at 2×10^6^ cells/well in a 6-well culture plate and incubated at 37°C in 5% CO~2~. After 12 h, the cells were washed with PBS and cultured in 2 mL of serum-free medium in each well for 24 h. The supernatants were collected and stored at −70°C for further use.

RSV infection efficiency of HBECs {#s2d}
---------------------------------

The cytopathic effects in RSV-infected HBECs were observed under a phase contrast microscope. Using RSV F protein monoclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) as a primary antibody, FITC-conjugated virus particles and efficiency of infection were tested by immunofluorescence (efficiency of infection = \[number of positive cells/number of all cells in same visual field\] ×100). The cellular ultrastructure and subcellular localization of the virus were observed under electron microscope, as previously described [@pone.0027113-Yin1].

Separation of peripheral blood lymphocytes {#s2e}
------------------------------------------

Heparinized whole blood was collected from healthy adult volunteers. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Conray (Haoyang Company, Tianjin, China) density gradient centrifugation [@pone.0027113-Boyum1]. Then, PBMCs were incubated in complete medium at 37°C in 5% CO~2~ for 2 h until the monocytes adhered to the bottom of culture flasks. The lymphocytes suspended in medium were isolated by centrifugation. After a viable count with 0.4% trypan blue dye, the density of viable lymphocytes was adjusted to 2×10^6^cells/mL in serum-free medium.

Co-culture of HBECs and lymphocytes {#s2f}
-----------------------------------

The HBECs were adherent and the lymphocytes were in suspension. In co-culture experiments, HBECs were located at the bottom of the culture plate and the lymphocytes were suspended in culture medium. Non-infected and prolonged RSV-infected HBECs were plated in 6-well culture plates with 2×10^6^ cells/well. After HBECs adhered to the bottom of the culture plate for 12 h, lymphocytes were added to the HBECs in a 1∶1 ratio so that HBECs and lymphocytes were cultured in the same well.

A 2-mL lymphocyte suspension was added to 6-well plates; the concentration was 2×10^6^ cells/mL. Lymphocytes were then divided into 4 groups, as follows: lymphocytes (group L); lymphocytes infected with RSV (MOI = 0.0001; group RL); co-culture of lymphocytes and non-infected HBECs (group HL); and co-culture of lymphocytes and RSV-infected HBECs (group HRL). After incubation at 37°C in 5% CO~2~ for 24 h, the lymphocytes and supernatants were collected separately.

Flow cytometric analysis of lymphocyte cell cycle and apoptosis {#s2g}
---------------------------------------------------------------

The collected lymphocytes were gently thrice-washed with PBS, then fixed in 2 ml of 70% cold ethanol at 4°C for at least 18 h. Then, the lymphocytes were twice-washed with PBS and re-suspended in 0.5 ml of propidium iodide (PI)/RNaseA solution. The cell mixture was incubated in dark at room temperature for 10 min. The cell cycle phase and apoptosis of the stained cells were analyzed using flow cytometry (BD Science, USA). Apoptotic cells were indicated by the hypodiploid peaks.

Cytokine measurement {#s2h}
--------------------

Human IL-4, IFN-γ and IL-17 concentrations in co-cultured supernatants were determined using ELISA kits from R&D Systems (USA).

Treatment of lymphocytes by supernatants from HBECs with prolonged RSV infection {#s2i}
--------------------------------------------------------------------------------

The secretory pattern of bronchial epithelial cells (BECs) changes after RSV infection. Thus, RSV-infected BECs can over-secrete a range of cytokines. To determine the regulatory effect of factors secreted by RSV-infected HBECs on Th subset differentiation, the isolated lymphocytes were plated in 6-well culture plates at a density of 4×10^6^cells/well and incubated in 2 ml of the following media: complete medium; supernatants from normal HBECs; and supernatants from RSV-infected HBECs. Phytohemagglutinin (PHA-P, 20 µL, 10 mg/ml; Sigma, St. Louis, MO, USA) was added to each well to stimulate non-specific lymphocyte mitosis. After incubation at 37°C in 5% CO~2~ for 24 h, lymphocytes from the 3 groups were collected and analyzed by fluorescent staining and flow cytometry to test Th subset differentiation.

Fluorescent staining and flow cytometry analysis {#s2j}
------------------------------------------------

PE anti-human IL-4, PE anti-human IL-17, PE anti-human CD25, and FITC anti-human Foxp3 antibodies were obtained from eBiosicence (USA) and used as staining reagents. For intracellular staining of IL-4 and IL-17, lymphocytes were pre-conditioned in the presence of 2 µL of monensin (×1000; Biolengend, USA) for 6 h, which can inhibit secretion of newly produced cytokines. Then, the cells were fixed with 4% paraformaldehyde for 10 min at room temperature and permeabilized in permeabilizing solution (eBioscience). After blocking with 3% BSA for 15 min, cells were stained with appropriate reagents on ice for 45 min. The surface molecule staining of CD25 was prior to intracellular staining of Foxp3. The Foxp3 staining procedure was the same as the intracellular staining of IL-4 and IL-17. In multi-color flow cytometry analysis, electronic compensation was done using cell mixtures of positive and negative cell populations in each fluorescence emission.

Statistical analysis {#s2k}
--------------------

Data are presented as the mean±SEM. Statistical analysis of 2-way ANOVA, followed by *post hoc* testing was used to analyse the cell cycle, apoptosis, and release of cytokines from lymphocytes in the co-culture system. Univariate ANOVA, followed by Dunnett\'s t-test, was used to analyse Th subset distribution after treatment with supernatants from HBECs. Two-tailed and paired tests were used throughout the whole statistic. A P value\<0.05 was considered statistically significant. Statistics were calculated by SPSS/Windows version 13.0 software.

Ethics Statement {#s2l}
----------------

Peripheral blood was withdrawn from healthy adult volunteers. Before the experiments, we obtained approval for our study from the Ethics Committee of Xiangya Hospital. In the medical examination center of Xiangya Hospital, participants were recruited and human experimentation was conducted. We obtained written informed consent from all participants involved in our study.

Results {#s3}
=======

The cytopathic effects observed with phase contrast microscopy {#s3a}
--------------------------------------------------------------

In this study we established a prolonged RSV infection model using HBECs. We defined the primary infected generation as passage zero, the passage of which was the first passage, and so on. In the interval after infection with RSV, the cells maintained proliferation and other functions, and could still grow and passage continuously. After several passages (usually the 6^th^--7^th^ passage of RSV-infected HBECs), fusion cells were formed, the rate of proliferation became gradually slower, and apoptosis or shedding began to occur. The period from the first infected passage to the last passage, at which time apoptosis occurred, was designated as the prolonged infection period. The 3^rd^--5^th^ passages of RSV-infected cells showed active proliferative capacity and biological function. Thus, we chose the cells in these stages for the next investigation. No pathologic changes were observed in control cells ([Figure 1A](#pone-0027113-g001){ref-type="fig"}). In RSV-infected HBECs, according to the appearance of enlarged fusion cells, the prolonged infection period could be further divided into two stages (early and late infection). In the early infection stage, the cells proliferated actively, but in the late infection stage, the shape of the cells were abnormal, with shrinkage and enhanced refraction, as well as enlarged fusion cells, which were considered to be characteristics of RSV infection ([Figure 1B](#pone-0027113-g001){ref-type="fig"}) [@pone.0027113-Tristram1].

![The cytopathic effects in HBECs after infection with RSV were observed under phase contrast microscopy.\
A. normal HBECs; B. The classical pathologic changes of RSV-infected cells: enlarged fusion cell (×100). In this vision, variant shape, shrinkage, and enhanced refraction were present in cells, as well as enlarged fusion cells and intracytoplasmic eosinophilic inclusion, which were considered to be proof of RSV infection. A fusion cell is indicated by arrows.](pone.0027113.g001){#pone-0027113-g001}

RSV-infected HBECs examined by immunofluorescence {#s3b}
-------------------------------------------------

The 3^rd^--5^th^ generations of infected cells (the same cell models were used in subsequent experiments) were obtained for immunofluorescent staining. Under phase contrast microscopy, the infected cells had regular shapes and grew actively ([Figure 2A](#pone-0027113-g002){ref-type="fig"}). Under fluorescence microscopy, virus particles of various sizes were conjugated with FITC, which were indicated by bright yellow green fluorescence distributed within the cytoplasm, suggesting that the RSV-infected model was constructed successfully ([Figure 2B](#pone-0027113-g002){ref-type="fig"}). The measured efficiency of RSV infection was 31.58%±21.03% (n = 16). There was no fluorescence distributed in control cells which were not infected with RSV.

![The model of RSV-infected HBECs was examined by immunofluorescence.\
A. Infected cells can be seen under phase contrast microscopy (×40); B. Infected cells conjugated with FITC can be seen under fluorescence microscopy (×40). Bright yellow green particles of various sizes were distributed within cytoplasm, which suggested the cells were positive for RSV infection and RSV infected model was constructed successfully.](pone.0027113.g002){#pone-0027113-g002}

Morphologic changes of RSV-infected HBECs under electron microscopy {#s3c}
-------------------------------------------------------------------

Under electron microscopy, pathologic changes were not found in normal HBECs ([Figure 3A](#pone-0027113-g003){ref-type="fig"}). Mitochondrial swelling, expansion of the endoplasmic reticulum, nuclear fracture, and an abundance of lysosomes were found in RSV-infected HBECs ([Figures 3B--D](#pone-0027113-g003){ref-type="fig"}). The infected cells grew rapidly with double nucleoli ([Figure 3B](#pone-0027113-g003){ref-type="fig"}), which were present in the former infection stage. Enlarged fusion cells were present in the late infection stage ([Figure 3D](#pone-0027113-g003){ref-type="fig"}). Intracellular virus particles were observed in the nucleus and endoplasmic reticulum ([Figures 3B and C](#pone-0027113-g003){ref-type="fig"}).

![Subcellular structure of infected cells and subcellular localization of virus under electron microscopy.\
A is normal HBECs (×10000); B is RSV-prolonged infected HBECs in early infection stage, fissure around nucleus is seen (×10000); C is also in early infection stage, expansion of endoplasmic reticulum and a large number of lysosomes in cytoplasm were present (×15000). Both cells in B and C had double nucleoli, which indicated the cell was proliferating rapidly; D is in late infection stage, enlarged fusion cells were present (×10000). Intracellular virus particles indicated by arrows were observed both in nucleus and endoplasmic reticulum.](pone.0027113.g003){#pone-0027113-g003}

RSV-infected HBECs induced proliferation and apoptosis of lymphocytes {#s3d}
---------------------------------------------------------------------

There are three phases in the cell growth cycle, as follows: pre-synthetic phase (G1 phase); mitotic phase (S phase); and post-synthetic phase (G2 phase). Cells in the G1 and G2 phases are stationary, while cells in the S phase are proliferating. Thus, the proportion of S phase cells may reflect the vitality of cells. Lymphocytes are terminal cells, and may continue proliferating while constantly stimulated by antigens. In general, most lymphocytes are quiescent (G1 phase).

Lymphocytes were co-cultured with RSV-infected HBECs for 24 h, then the cell cycle phases and apoptosis rate of the stained cells were determined. Flow cytometry analysis showed significantly more cells in the S phase and a higher apoptosis rate for group HRL compared with the other three groups. There was a greater number of cells in the S phase in group HL compared with the other two groups. Therefore, RSV-infected HBECs induced significant proliferation and an accelerated apoptosis rate of lymphocytes. Non-infected HBECs may also have a stimulatory effect on lymphocyte proliferation. RSV alone had no effect on proliferation and apoptosis of lymphocytes ([Figure 4](#pone-0027113-g004){ref-type="fig"}, and [Table 1](#pone-0027113-t001){ref-type="table"}).

![Effect of RSV- infected HBECs on cell cycle of lymphocyte.\
Flow cytometry analysis showed significant more cells in S phase and less cells in G1 phase in group HRL compared with the other three groups. And even cells in S phase were more in group HL than the rest two groups.](pone.0027113.g004){#pone-0027113-g004}

10.1371/journal.pone.0027113.t001

###### Effect of RSV-infected HBECs on the cells cycle of lymphocytes.

![](pone.0027113.t001){#pone-0027113-t001-1}

  Group         G0/G1                S             G2/M       Apoptosis rate
  ------- ------------------ ------------------ ----------- ------------------
  L           97.53±1.09         1.38±0.65       1.08±0.72     15.044±5.22
  RL          97.30±1.28         1.45±0.89       1.24±0.54       13±3.23
  HL       91.08±3.75^\*▵^     5.09±1.15^\*▵^    2.21±0.84      10.04±4.06
  HRL      86.63±3.75^\*▵▴^   11.63±6.31^\*▵▴^   1.98±1.42   29.88±8.81^\*▵▴^

(%, n = 8/group, mean±SEM; \*P\<0.01 vs L ^▵^P\<0.05 vs RL ^▴^P\<0.05 vs HL).

### The release of cytokines by lymphocytes was induced by RSV-infected HBECs {#s3d1}

Lymphocytes in the resting state released low levels of cytokines. After co-culture with RSV-infected HBECs for 24 h, the release of cytokines from lymphocytes was significantly increased. However, RSV alone and non-infected HBECs had no significant effect on the release of cytokines by lymphocytes. Human IL-4, IFN-γ, and IL-17 concentrations in co-cultured supernatants were measured by ELISA. ELISA results showed that the levels of IL-4, IFN-γ, and IL-17 in group HRL were significantly higher than the other three groups, especially IFN-γ. The level of IFN-γ in group HL was higher than groups L and RL ([Figure 5](#pone-0027113-g005){ref-type="fig"}), suggesting that lymphocytes were making an abundance of IL-4 and IL-17, and excessive IFN-γ in response to HBECs infected with RSV.

![Effect of RSV-infected HBECs on concentrations of IL-4, IFN-γ and IL-17 secreted by lymphocytes (pg/mL, n = 10/group, mean±SEM; \*P\<0.05 vs. L ^▵^P\<0.05 vs. RL ^▴^P\<0.05 vs. HL.\
The levels of IL-4, IL-17 and IFN-γ in group HRL were highest in four groups. The level of IFN-γ in group HL was higher than those of groups L and RL.](pone.0027113.g005){#pone-0027113-g005}

### Supernatants from RSV-infected HBECs altered the distribution of Th subsets {#s3d2}

Chemokines and cytokines are crucial in directing the differentiation of Th subsets, and thus serve as attractive targets for intervention [@pone.0027113-Openshaw1]. Respiratory epithelial cells, as the principle target for RSV infections, secrete a range of chemokines and cytokines after infection with RSV [@pone.0027113-Hacking1]. In this study, HBECs with prolonged RSV infection might also secrete a range of factors into supernatants which could have an effect on lymphocytes. To test this hypothesis, the distribution of Th subsets was analyzed after individual treatment with complete medium, supernatants from normal HBECs, and supernatants from RSV-infected HBECs for 24 h. The results showed that Th2 and Th17 differentiation was induced by treatment with supernatants from RSV-infected HBECs. However, Treg differentiation was suppressed after treatment with supernatants secreted from RSV-infected HBECs ([Figures 6](#pone-0027113-g006){ref-type="fig"} and [7](#pone-0027113-g007){ref-type="fig"}). Th2 and Th17 differentiation was stimulated to some extent by treatment with supernatants from normal HBECs.

![The change of Th subsets in lymphocytes after treatment with supernatants from RSV-infected HBECs.\
a. The change of Th2 cells in lymphocytes after treatment with supernatants from RSV-infected HBECs. Th2 cells mainly secreted IL-4. Monensin inhibited the secretion of newly produced cytokines in Golgi body. The positive cells in M2 which were conjugated with anti IL-4 were Th2 cells. In Fig 2.6a, the percentage of Th2 cells in lymphocytes co-cultured with RSV-infected HBECs was highest among three groups. The percentage of Th2 cells in lymphocytes co-cultured with normal HBECs was still higher than control. b: The change of Th17 cells in lymphocytes after treatment with supernatants from RSV-infected HBECs. Th17 cells mainly secreted IL-17. The positive cells in M2 which were conjugated with anti IL-17 were Th17 cells. In Fig 2.6b, the percentage of Th17 cells in lymphocytes co-cultured with RSV-infected HBECs was highest among three groups. The percentage of Th2 cells in lymphocytes co-cultured with normal HBECs was still higher than control. c: The change of Treg cells in lymphocytes after treatment with supernatants from RSV-infected HBECs. CD25 was surface marker and Foxp3 was intracellular activating factor of regulatory T cells (Treg). The positive cells in right upper region which were conjugated with anti-CD25 and anti-Foxp3 antibodies were Treg cells. In Fig 2.6c, the percentage of Treg cells in lymphocytes co-cultured with RSV-infected HBECs was lower than the other two groups. There was no difference between control group and normal HBECs group.](pone.0027113.g006){#pone-0027113-g006}

![The distribution of Th subsets after treatment with supernatants from RSV-infected HBECs (%, n = 6/group, mean±SEM; \*P\<0.01 vs. control ^▵^P\<0.05 vs. normal HBECs).\
The percentages of Th2 and Th17 cells in RSV-infected group were higher than the other two groups, while the percentage of Treg was less than the other groups. The percentages of Th2 and Th17 cells in normal HBECs group were higher than control group.](pone.0027113.g007){#pone-0027113-g007}

Discussion {#s4}
==========

In most previous studies, acute RSV infection models have been established. The infected cells underwent apoptosis progressively in hours or days and could not continue to split and passage. However, studies [@pone.0027113-Seemungal1] in recent years showed that chronic infection with RSV could aggravate the frequency and severity of acute exacerbation in some respiratory diseases such as COPD. It has been observed in animal experiments [@pone.0027113-Mejas1], [@pone.0027113-Schwarze1] that RSV is able to escape immune clearance from the host and be persistently latent in lung tissues; therefore, the immune system in infected hosts might be stimulated or stressed persistently. In respiratory tracts of chronically infected animals, inflammatory mediators are released and inflammatory cells are recruited. Using a macrophage model, Guerrero-Plata et al. [@pone.0027113-GuerreroPlata1] reported that persistent/prolonged RSV infections stimulated macrophages to oversecrete pro-inflammatory cytokines, and promoted the antigen presenting function, suggesting that persistent RSV infections may be responsible for increased susceptibility to respiratory inflammatory diseases, such as asthma. Airway epithelial cells have the potential for presenting antigens, releasing inflammatory mediators, and activating the immune response, and at the same time are main targets of RSV infection. Thus, we speculate that persistent/prolonged RSV infections induce airway inflammation or aberrant immune reactions through changing functions of airway epithelial cells. Therefore, a prolonged infection model with RSV in HBECs was established in this study. The main characteristic of this model was that infected cells had the ability to proliferate and passage, and also maintained an active biological state. In the early infection stage, the cells proliferated actively. In the late infection stage, enlarged fusion cells were present, which were considered to be typical lesions of RSV infections.

When subjected to invasion of external pathogens (bacteria and viruses), the human body will initiate immune protection against pathogens. Exogenous microbial antigens are taken up by APCs and presented to lymphocytes, which trigger immune responses. Proliferation and activation of lymphocytes are in response to Th cell differentiation and the release of large amounts of cytokines. Cytokines also promote source lymphocytes and other immune cells to further differentiate and proliferate, and subsequently generate a wide range of immune effector cells [@pone.0027113-Holub1]. In addition, lymphocyte apoptosis, which is also one of the host immune responses, is an antagonistic mechanism against excessive inflammatory responses [@pone.0027113-Shi1]. In that case, apoptosis of recruited lymphocytes is induced and minimizes the damage of inflammatory tissues [@pone.0027113-Strasser1]. Our results showed that after co-culture with HBECs with prolonged RSV infection, the proliferation and apoptosis of lymphocytes were enhanced as well as excessive secretion of IL-4, IFN-γ, and IL-17, which may suggest that lymphocytes had received the stimulation of external antigen and subsequently activated the immune response. Only RSV had no effect on proliferation, apoptosis and cytokine release of lymphocytes. Thus, it was considered that RSV alone could not activate lymphocytes. The antigen signals which triggered activation of lymphocytes might be processed and synthesized by HBECs which absorbed RSV pathogenic proteins, thereby activating the function of lymphocytes in immune responses. Non-infected HBECs also induced low-level lymphocyte proliferation and secretion of IFN-γ. In addition to RSV, there must exist weak antigen signals in the external environment which promotes HBECs to activate lymphocytes. In addition, IFN-γ might serve as a sensitive indicator to environmental changes, and even a weak signal could induce the expression and release of IFN-γ [@pone.0027113-Nakagome1]; however, HBECs which are only infected with RSV, can fully activate lymphocytes.

As the first barrier to the external environment in the respiratory tract, airway epithelial cells play an important role in maintaining homeostasis of the local microenvironment [@pone.0027113-Tristram1]. Some chemical signals or exogenous stimuli in the local micro-environment could cause adaptive functional changes of epithelial cells [@pone.0027113-Wark1]. In the co-culture system of our experiments, HBECs activated lymphocytes after prolonged infection with RSV. One of the possible mechanisms is that infected HBECs, after contacting lymphocytes, directly presented activating signals to lymphocytes. The activation and differentiation of T cells require a specific antigen peptide-MHCII molecule complex (first signal) which is processed and synthesized by APCs. In addition to the first signal, B7-1 (CD80) and B7-2 (CD86) and other co-stimulatory molecules combined with CD28 expressed by T cells are the second signal to activate T cells. It has been shown that BECs in stress or pathologic conditions can express MHCI and MHCII molecules, then mediate T cell migration [@pone.0027113-Kalb1], [@pone.0027113-Kurosawa1]. Therefore, the BECs are considered to have potential antigen-presenting functions. In animal models of asthma, HLA-DR and HSP70, two types of molecules with antigenic characteristics, are over-expressed in airway epithelium [@pone.0027113-Bertorelli1]. Papi et al. [@pone.0027113-Papi1] reported that B7-1 and B7-2 co-stimulatory molecules are expressed in lung cancer cell lines and HBECs after infection with rhinovirus. Thus, it is well-accepted that airway epithelial cells are the first line of defense that have early contact with pathogenic antigen and initiate specific immune responses. In this study, HBECs absorbed RSV pathogenic proteins first, then processed and synthesized antigen-presenting complex as the first signal, as well as expressed co-stimulatory molecules as the second signal, which comprised the activation signals of lymphocytes.

The common precursor cells of Th subsets are Th0 cells. According to various media, the type and concentration of antigens and type of APCs, Th0 cells respectively differentiate to Th1, Th2, Th17, and Treg subsets, which is referred to as Th subset drift, and also known as functional polarization. Th subset drift is also a performance part of lymphocyte activation. Among many influential factors, the cytokine microenvironment, in which Th0 cells contact APCs, is important in regulating Th cell differentiation. For example, IL-12 and IFN-γ promote Th0 cells to differentiate to Th1 cells [@pone.0027113-Padigel1], [@pone.0027113-Yoshimura1], and IL-4 promotes Th0 cells to differentiate to Th2 cells.

Our results showed that HBECs with prolonged RSV infection induced lymphocytes to secrete large quantities of IFN-γ, IL-4 and IL-17, which could be the result of an altered pattern of Th subset differentiation after stimulation by RSV-infected epithelial cells. Moreover, we provide further evidence that abnormal differentiation of Th cells was observed by secreted supernatants from RSV-infected HBECs, which could induce the differentiation of Th2 and Th17 lymphocytes, and suppress the differentiation of Treg cells. Because Th subset drift is mainly affected by the micro-environment, cytokines or other factors oversecreted by RSV-infected epithelial cells might cause a change in the microenvironment, which could be an original cause that indirectly contributes to the pathologic differentiations of Th subsets. The immune responses of epithelia to infection and antigen exposure also involve the release of chemokines and cytokines into the submucosa, and thus initiate an inflammatory reaction. Chemokines belong to a family of chemotactic cytokines that have been shown to play an integral role in a variety of biological activities. Each chemokine has the ability to chemoattract a particular subset of inflammatory cells. Therefore, one can imagine that the chemokine profile that follows a particular stimulus will dictate the subsequent inflammatory response. RSV predominantly infects airway epithelial cells. *In vitro*, RSV infection of human airway epithelial cells has been shown to release a wide range of chemokines including intercellular adhesion molecule (ICAM)-1 [@pone.0027113-Patel1], IL-6 [@pone.0027113-Tristram1], IL-8 [@pone.0027113-Noah1], and regulation upon activation normal T cell-expressed and secreted (RANTES) [@pone.0027113-Becker1]. Those chemokines have been demonstrated to initiate neutrophil, Th cell and eosinophil recruitment and differentiation, as well as enhance the expression of inflammatory transcription factor NF-κB [@pone.0027113-Jamaluddin1]. However, the profile of chemokines secreted by HBECs infected with RSV, which can affect Th subsets differentiation needs to be further analyzed.

RSV infection may increase the risk of asthma morbidity, but the underlying mechanism remains unknown. In allergic asthma, a critical event is the activation of Th cells, leading to a predominance of Th2 cytokines over Th1 cytokines [@pone.0027113-Finn1]. A recent study suggests that Th1, as well as Th2 cytokines, may promote asthma [@pone.0027113-Castro1]. Also, T cell subsets, in addition to Th1 and Th2, have been identified in asthma, including Treg and Th17 cells [@pone.0027113-Ouyang1]. In allergic disease, such as asthma, Treg can suppress Th2 responses to allergen [@pone.0027113-Larche1] and Th17 cells play a role in promoting inflammatory response [@pone.0027113-Zhou1]. The pathologic changes induced by HBECs with prolonged RSV infection, including the activation of lymphocytes, Th2, Th17 proliferation, and Treg cell suppression observed in our study were consistent with the reported immune system changes in asthma. Our data suggest that susceptibility to asthma after RSV infection would be related to lymphocyte activation and immune imbalance caused by RSV. Bronchial epithelial cells play a key role by presenting activation signals and changing the secretory pattern after RSV infection.

For flow cytometry analysis, the data of Th1 cells was not included herein. In the past it was thought that Th1 cells and IFN-γ play a protective role in asthma. A recent study has suggested that Th1, as well as Th2 cytokines, may promote asthma, and IFN-γ can also promote the development of inflammation. Thus, the role of Th1 cells and IFN-γ in asthma, especially in RSV-induced asthma, remains unclear. At the same time, the value of the Th1 subset determined by flow cytometry was unstable and a definite conclusion was difficult to obtain. As is known, IFN-γ was significantly increased, especially in the viral infection, but the role in asthma was not as clear as IL-4 and IL-17 until now. Therefore, the increased level of IFN-γ examined by ELISA suggested that lymphocytes were activated by antigen-presenting signal containing viral antigen. Increased proportions of Th2 and Th17 subsets tested by flow cytometry suggested that RSV infection is closely related to asthma.
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